Purified zymogen granules were prepared from rat pancreas by using an iso-osmotic Percoll gradient. In the presence of [y-32P]ATP, phosphorylation of several granule proteins was induced by Ca2 , most notably a M,-13000 protein, whereas addition of cyclic AMP was without effect. When phosphatidylserine was also added, Ca2+ increased the phosphorylation of additional proteins, with the largest effect on a protein of M, 62000. Purified granules were also able to phosphorylate exogenous substrates. Ca2+-induced phosphorylation of lysine-rich histone was enhanced over 3-fold in the presence of phosphatidylserine, and cyclic AMP-activated protein kinase activity was revealed with mixed histone as substrate. The concentrations of free Ca2+ and cyclic AMP required for half-maximal phosphorylation of both endogenous and exogenous proteins were 1-3pM and 57nM respectively. Treatment of granules with 0.25M-KCI resulted in the release of phosphatidylserine-dependent kinase activity into a high-speed granule supernatant. In contrast, granule-protein substrates of Ca2+-activated kinase activity were resistant to KCI extraction, and in fact were present in purified granule membranes. Kinase activity activated by cyclic AMP was not extracted by KCI treatment. It is concluded that phosphorylation of integral membrane proteins in the zymogen granule can be induced by one or more Ca2+_ activated protein kinases. Such a reaction is a potential mechanism by which exocytosis may be regulated in the secretagogues.
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Secretion of pancreatic digestive enzymes involves a process of controlled fusion of zymogen granules with the luminal plasma membrane of the acinar cell. This process is triggered by secretagogues utilizing Ca2 , cyclic AMP and possibly diacylglycerol as intracellular messengers (Gardner, 1979; Williams, 1980 ; Burnham & Williams, 1984b) . All of these messengers interact with and activate specific protein kinases, which have been shown to be present in acinar cells (Jensen & Gardner, 1978; Gorelick et al., 1983; Burnham & Williams, 1984a) . Moreover, pancreatic secretagogues induce changes in the phosphorylation of specific proteins in situ in acinar cells, although the intracellular localization and function of these proteins is generally unknown (Burnham & Williams, 1982; Freedman & Jamieson, 1982 ; Roberts & Butcher, 1983) . One possible site of messenger-regulated protein phosphorylation durAbbreviation used: SDS, sodium dodecyl sulphate.
t To whom reprint requests should be addressed. exocrine pancreas by Ca2+-mediated ing pancreatic stimulus-secretion coupling is the zymogen granule.
Previous studies have demonstrated phosphorylation of several proteins in a membrane preparation of isolated zymogen granules, although the addition of cyclic AMP, the only intracellular messenger tested, did not consistently alter membrane protein phosphorylation (Lambert et al., 1974; Macdonald & Ronzio, 1974) . Cyclic AMPactivated kinase activity was revealed, however, if exogenous substrate (histone) was used (Lambert et al., 1974 ; Lewis & Ronzio, 1979) . Furthermore, the addition of cyclic AMP to a mixture of zymogen granules and postmicrosomal supernatant resulted in a 5-fold increase in granuleassociated protein kinase activity, which could be removed by 0.15M-NaCl (Lewis & Ronzio, 1979) . In the present study, therefore, highly purified zymogen granules were prepared by using an iso- 
Preparation of zymogen granules
Initial experiments were carried out in Copenhagen with a Wistar-derived outbred strain. Later experiments, including all phosphorylation studies, were carried out in San Francisco with Sprague-Dawley rats. Pancreases were removed from two or three starved male rats, placed in icecold 0.9% NaCl, trimmed of fat and connective tissue and weighed. All subsequent operations were carried out at 2-40C. The pancreas was cut into 1-2 mm pieces with scissors in 20ml of 0.3M-sucrose containing lOmM-Mes, pH6.0, and 1 mM-EGTA (henceforth abbreviated as SME). For phosphorylation studies, l00,M-phenylmethanesulphonyl fluoride was also included in the SME. Homogenization was carried out at 2000rev./min in a Thomas size B Teflon/glass homogenizer by four up-and-down strokes, followed by filtration through two layers of medical gauze. This homogenate was centrifuged at 250g for 5 min to obtain the pellet P1 fraction, and the supernatant was recentrifuged at 1400g for 7min to obtain pellet P2 and supernatant S2. In some experiments, S2 was centrifuged at lOOOOOg for 60min to obtain a cytosol fraction. P2 was resuspended in 2ml of SME and added to 50ml of 50% Percoll (1 vol., plus 1 vol. of SME) which had been dialysed overnight against SME. The mixture was put into four 13 ml Ultraclear tubes and centrifuged at 30000rev./min in a Beckman Spinco Ti 50 or Ti 70.1 rotor for 30min.
After centrifugation, 0.5 ml fractions were pumped from the bottom of the tube and collected for measurement of refractive index, protein and amylase. Gradients without biological material were used for characterization of the density profile by refractive index or with density beads, and for blank values in the protein analysis. Alternatively the bottom of the tube was punctured with a 23-gauge needle and the dense white zymogen-granule band collected directly. To remove Percoll, the collected granule bands were centrifuged at 1400g for 8 min, the pellet was resuspended in 4ml of SME and re-centrifuged at 1400g. This final granule pellet was then used for marker-enzyme analysis or studies of protein phosphorylation. In the latter studies the granule pellet was suspended in SME to 2 mg of protein/ml. (Burnham & Williams, 1984a (Burnham & Williams, 1982) .
In experiments using exogenous protein substrates, the above reaction mixture was used with the addition of 50pg of histone type II or III. The reaction was routinely terminated after 2min by the addition of 4ml of ice-cold 5% trichloroacetic acid containing 1.5% Na4P207 and 1% NaH2PO4. The samples were then measured for trichloroacetic acid-insoluble radioactivity after collection on Millipore filters (Lam & Kasper, 1979; Burnham & Williams, 1984a) . In the absence of exogenous substrate, cyclic AMP or Ca2+ (with or without added phosphatidylserine or calmodulin) did not significantly alter total labelling of trichloroacetic acid-insoluble material.
Under the conditions used, phosphorylation of granular and exogenous protein substrates by cyclic AMP-or Ca2+-activated kinase activities was a linear function of time for at least 3 min at 30°C. Results of kinase assays using granular or exogenous substrates are representative of at least two and usually three or four experiments.
Preparation of zymogen-granule membranes
This was done by the method of Meldolesi et al. (1971) as modified by Paquet et al. (1982) . Granules (4-6mg of protein) were suspended in 3.5 ml of lysis buffer [25 mM-Hepes (pH 8.2), 0.1 M-KCI, 0.1 mM-phenylmethanesulphonyl fluoride] and incubated for 30min at 4°C. The lysed granules were then layered over 0.5ml of 0.3M-sucrose, which in turn overlaid 0.5ml of 1.0M-sucrose. After centrifugation for 45 min at 243 OOOg in a Beckman SW 50.1 rotor, the granule membranes were collected at the 0.3M/1.OM-sucrose interface, suspended in 5ml of 0.25M-NaBr, and re-centrifuged at 243 OOOg for 60min. The resulting pellet was suspended in a minimal volume of lysis buffer (100-200Ml) and prepared for analysis by SDS/polyacrylamide-gel electrophoresis. The granular contents were obtained from the top layer of the sucrose step gradient and concentrated 6-7-fold (Centricon 10; Amicon, Danvers, MA, U.S.A.). In general, 5mg of granules yielded 15-30pg of membrane protein.
Preparation of granule membranes after 32P labelling followed the above procedure, except that (a) EDTA and NaF were present during granule lysis at 4mM and 50mM and in the sucrose and NaBr solutions at 0.1 mM and 50mM respectively, and (b) the granules were briefly sonicated by a probe-type sonicator (Braun-Sonic, 75W, 10s) before the first centrifugation step to ensure complete lysis. KCI extraction of granules Granules (2-3 mg of protein) were suspended in 2ml of SME extraction solution containing 0.1 mMleupeptin, 0.1 mM-phenylmethanesulphonyl fluoride and 0.25 M-KCI and immediately centrifuged at 1400g for 8min. The resultant pellet (KC1-extracted granules) contained approx. 70-80% of the initial granular protein and was suspended in SME plus 0.1 mM-phenylmethanesulphonyl fluoride before assay for protein kinase activity. The clear supernatant was centrifuged at 243 OOOg for 60min to obtain the KC1 supernatant. In experiments where granules were labelled with 32p before KC1 extraction, the extraction solution contained, in addition, 50mM-NaF and 2mM-EDTA. After centrifugation at 3000g for 8min, the pellet was suspended in SME containing 50mM-NaF to 0.4mg of protein/ml and prepared for analysis by SDS / polyacrylamide -gel electrophoresis. Analytical and other procedures Protein was determined by the fluorescamine reaction (Bohlen et al., 1973) or by use of the BioRad protein reagent (Bradford, 1976) with bovine serum albumin as standard. For the gradient profiles, a blank value obtained from a similar Percoll gradient was determined and subtracted. For the washed purified granules no correction was made, as the amount of residual Percoll was not quantifiable.
Amylase was determined with Procion-Yellowlabelled starch as substrate (Jung, 1980) after appropriate dilution with SME containing 1 mg of bovine serum albumin/ml. Addition of Triton X-100 (0.1%) to samples and standards had no effect on the results and was not routinely used. DNA was measured fluorimetrically after reaction with diaminobenzoic acid (Hinegardner, 1971) . Glutamate dehydrogenase, an enzyme marker for the mitochondrial matrix, was determined as described by Schmidt (1974) in the presence of 0.1% Triton X-100, 1 mM-leucine and 1 mM-ADP. Rotenone-insensitive NADH dehydrogenase, an enzyme marker for microsomal fractions, was determined as described by Takesue & Omura (1970) . f,-Glucuronidase and acid phosphatase lysosomal markers were assayed with umbelliferyl ,B-D-glucuronide and 4-methylumbelliferyl dihydrogen phosphate as substrates (Price & Dance, 1967) . K+-stimulated p-nitrophenyl phosphatase was assayed by the method of Hootman & Philpott (1979) .
Electron microscopy was carried out on zymogen granules and other fractions that were pelleted in and fixed overnight with 1.5% glutaraldehyde/1% paraformaldehyde in 0.08M-cacodylate buffer, pH 7.4. Pellets were postfixed in 2% OS04, dehydrated and embedded in Polybed 812. Thin sections were cut with a diamond knife and examined at 60 kV in a Zeiss EM-9 electron microscope.
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Preparation of zymogen granules
When rat pancreas was homogenized in isoosmotic SME, a crude granule pellet (P2) could be prepared by differential centrifugation. In this pellet amylase was enriched 2.9-fold, but the mitochondrial enzyme glutamate dehydrogenase was also concentrated, and significant amounts of DNA, NADH dehydrogenase and P-glucuronidase remained (Table 1) . When this pellet was centrifuged in a self-forming Percoll gradient, a heavy white band was observed at a density of 1. 14 g/ml just above the bottom of the tube, and one or two broader, more translucent, bands were observed at the top of the tube, at a density of 1.03-1.04g/ml. Profiles of protein and amylase in the gradient revealed two peaks, with amylase almost entirely associated with the denser band and protein split about equally. Electron micrographs revealed that the bottom band contained purified zymogen granules (Fig. 1) , whereas the top band contained a mixture of mitochondria, endoplasmic reticulum and assorted membranous debris (results not shown). Measurement of DNA and enzyme markers showed a high degree of granule purity, with amylase enriched 8-fold over the homogenate and 250-500-fold relative to DNA, glutamate dehydrogenase and NADH dehydrogenase (Table  1) . In separate experiments measuring the activity of the plasma-membrane marker enzyme K+-stimulated p-nitrophenyl phosphatase, no measurable activity was observed in the granule fraction.
Of the various markers, P-glucuronidase and acid phosphatase (results not shown) were most prominent in the granule fraction, although these data may reflect small amounts of these lysosomal enzymes in zymogen granules as previously described by electron-microscope histochemistry (Scheele, 1982) . Recovery of amylase in the purified granule fraction was 13.7 + 1.5% (n = 6) of that in the homogenate. Each granule preparation routinely yielded 2-3mg of protein.
Zymogen-granule protein kinase activity: endogenous protein substrates 32p labelling of several granular proteins was observed for purified zymogen granules that had been incubated with [y-32P]ATP in the absence of added Ca2+ or cyclic AMP and submitted to SDS/polyacrylamide-gel electrophoresis and autoradiography. However, the addition of Ca2+ selectively caused a large increase in phosphorylation of a protein of Mr 13 000 (Fig. 2a) . Labelling of proteins of Mr 29000 and 21000 was also increased in the presence of Ca2+. Addition of calmodulin and Ca2+ produced no effects in addition to those observed with Ca2+ alone (Fig. 2b) phosphorylation of additional proteins, the most apparent being of Mr 62000 (Fig. 2c ). Other changes not clearly shown in Fig. 2 (Fig. 3) . In four experiments, calmodulin did not significantly alter the concentration of Ca2+ at which half-maximal phosphorylation of the Mr-13000 protein was achieved, being 1.3pM-and l.5pM-Ca2+ in the absence and presence of calmodulin respectively.
Phosphorylation of the M,-62000 protein induced by Ca2+ in the presence of phosphatidylserine was maximal at 3-l0pM-Ca2+ (Fig. 4) Addition of exogenous 1,2-or 1,3-diolein had no effect on the Ca2+-sensitivity of the phosphatidylserine-dependent protein kinase.
Although cyclic AMP did not induce any apparent changes in phosphorylation of granule proteins, addition of mixed (type II) histone to the kinase reaction mixture revealed that cyclic AMPstimulated kinase activity was associated with purified zymogen granules (Fig. 5) . Maximal histone phosphorylation induced by cyclic AMP was achieved at 0.3-1yM-cyclic AMP, and halfmaximal phosphorylation was achieved at 56.8 + 10.2 nM-cyclic AMP (n = 4).
KCl extraction of zymogen granules
In order to examine the nature of the association between Ca2+-activated and cyclic AMP-activated protein kinases and zymogen granules, purified granules were extracted with a high-ionic-strength KCl solution (Fig. 6 ). Ca2+-activated protein kinase activity was completely abolished in KClextracted granules, whether measured in the presence or absence of phosphatidylserine. In fact, activity was still present in KCl-extracted granules, although specific activity was decreased by 35%. A high-speed supernatant obtained from KCl-extracted granules contained Ca2+-activated protein kinase activity which was completely dependent on phosphatidylserine (Fig. 6) . Relative to total kinase activity induced by Ca2+ and phosphatidylserine in starting granule material, this soluble activity represented a 90% recovery and 13-fold enrichment (i.e. 23.9pmol of Pi incorporated/min per mg of protein) of the phosphatidylserine-dependent protein kinase(s). Cyclic AMP-activated kinase activity was not detected in the high-speed granule supernatant (Fig. 6 ).
In addition to examining the effect of KCI treatment on granule protein kinase activity, the effect of such treatment on the granule proteins phosphorylated by granule-associated kinases was also investigated (Fig. 7) . As expected, KClextracted granules did not exhibit any Ca2+-induced protein phosphorylation in the presence of phosphatidylserine. In fact, phosphorylation of several granule proteins by Ca2+-independent protein kinases was also abolished or decreased in extracted granules (e.g. proteins of Mr 72000 and 90000; see Fig. 7b ). However, if granules were incubated with [y-32P]ATP and phosphatidylserine in the presence or absence of added Ca2+ before KCl treatment, the Ca2+-induced phosphorylation of the M,-62 000 and -13000 proteins, as well as of other proteins, was preserved (Fig. 7c) . Similarly, if purified membranes were made from 32p-labelled granules, Ca2+-induced phosphorylation of these same substrates was still observed in the membrane preparation and in fact enhanced relative to other phosphoproteins, although phosphorylation of the Mr-62000 protein was consistently decreased (Fig. 7d) 
Discussion
This study reports the preparation of highly purified zymogen granules from rat pancreas by using a self-forming Percoll density gradient. Preparation of secretory granules with Percoll has been reported for other tissues (Gratzl et al., 1980 (Gratzl et al., , 1981 Carty et al., 1980; Andersson & Abrahamsson, 1983) , as well as pancreas (De Lisle et al., 1984) . The basic aims of this study were (a) to evaluate whether protein kinase activity regulated by either of the intracellular messengers, Ca2+ or cyclic AMP, was associated with the purified granules, (b) to determine whether such activity utilized granule proteins as substrates and (c) to investigate the nature of the association of the kinases and their substrates with the granules.
Several lines of evidence support the contention that a phospholipid-dependent Ca2+-activated protein kinase, similar to the enzyme originally described by Nishizuka and co-workers termed protein kinase C (Takai et al., 1979; Kishimoto et al., 1980) (Shenolika et al., 1979) . Alternatively, the phospholipiddependent enzyme is the only Ca2+-activated kinase present in granules and can utilize endogenous phospholipid (LeBel & Beattie, 1984) to support submaximal activity in the absence of added phosphatidylserine. Further investigation is required to evaluate these two mechanisms.
In any event, it is clear that, from results of KCI and EDTA treatment, the phospholipid-dependent kinase(s) is relatively easily dissociated from the granule membrane, whereas cyclic AMPactivated kinase activity was resistant to KCI extraction. In contrast, the granule proteins that were substrates of Ca2+-activated kinase activity were still associated with granules after KCI treatment, and even after preparation of granule membranes. These observations strongly suggest that the granule substrates are integral proteins of the zymogen-granule membrane. In fact, relative to intact granules, granule-membrane preparations were enriched in a Mr-13 000 protein, which was of the same M, as the principal substrate of Ca2+-activated kinase activity. Membrane preparations were also enriched in a Mr-92000 protein which is presumably the GP2 glycoprotein, described previously as being the main protein constituent of the zymogen-granule membrane (Ronzio et al., 1978; LeBel & Beattie, 1984) .
Demonstration of Ca2+-dependent phosphorylation of zymogen-granule membrane proteins is in accord with one possible mechanism by which Ca2+-mediated secretagogues promote secretorygranule exocytosis. On the basis of the activation pathway proposed for protein kinase C , increased diacylglycerol production, and possibly elevated cytosolic Ca2+ concentration, resulting from secretagogue-receptor interaction would lead to the activation of phos- (Putney et al., 1983; Ochs et al., 1983) . Subsequent phosphorylation of specific granule membrane proteins might promote granule migration to and/or fusion with the apical plasma membrane. Although granule proteins did not undergo cyclic AMPinduced phosphorylation in vitro, such a reaction may still be involved in the action of cyclic AMPmediated secretagogues in the intact cell. Further work is required to determine whether zymogengranule protein phosphorylation occurs in situ in response to pancreatic secretagogues.
